ABSTRACT
INTRODUCTION
Cell migration is a fundamental feature of angiogenesis (Lamalice et al., 2007) , the leukocyte immune response (Klyubin et al., 1996) and tumour cell invasion (Ridley et al., 2003) . It involves cyclical changes in cell morphology and focal adhesions that are spatiotemporally regulated. Changes in cell morphology are driven by the constant remodelling of the actin cytoskeleton into structures that coordinate cell migration (Gardel et al., 2010; Mattila and Lappalainen, 2008; Ridley et al., 2003; Small et al., 2002; Tojkander et al., 2012) . These include filopodia (Mattila and Lappalainen, 2008) , lamellipodia (Small et al., 2002) and stress fibres (Nobes and Hall, 1995; Tojkander et al., 2012) . Filopodia are spike-like membrane projections where actin fibres assemble into tight bundles; they have the ability to sense motogenic signals (signals that direct cell migration) (Mattila and Lappalainen, 2008) . Lamellipodia are brush-like protrusions formed at the leading edge of migrating cells, where actin polymerises into a cortical ring; they allow the front of the cell to protrude towards the motogenic signal (Small et al., 2002) . Stress fibres are long actin filaments linked by α-actinin and myosin; contraction of stress fibres enables forwards movement of the cell body (Tojkander et al., 2012) . In coordination with the changes in the actin cytoskeleton, focal adhesions undergo cycles of assembly and disassembly to allow adhesion of the front of the cell to the extracellular matrix (ECM) and de-adhesion of the rear of the cell, respectively (Gardel et al., 2010; Turner, 2000) . Focal adhesions are physically linked to stress fibres to allow mechanical integration of actin and adhesion dynamics during cell migration (Gardel et al., 2010; Giannone et al., 2007) .
A well-documented example of a motogenic signal (chemoattractant) is H 2 O 2 (Hurd et al., 2012; Niethammer et al., 2009; Polytarchou et al., 2005) . The mechanism by which H 2 O 2 induces cell migration, however, is not fully understood, although H 2 O 2 is known to affect a number of signalling pathways associated with cell migration, including Ca 2+ signalling (Prevarskaya et al., 2011; Tsai et al., 2014; Wei et al., 2012) and Lyn activation (Yoo et al., 2011) . Multiple studies have shown that Ca 2+ plays a key role in the spatial and temporal regulation of the actin cytoskeleton and focal adhesions (Brundage et al., 1991; Gilbert et al., 1994; Prevarskaya et al., 2011; Tsai et al., 2014; Wei et al., 2012) .
Here, we asked whether the TRPM2 channel, a member of the transient receptor potential (TRP) family, plays a role in actin and focal adhesion dynamics, and thus in cancer cell migration. The rationale behind this is the fact that TRPM2 channels are strongly activated by H 2 O 2 and affect Ca 2+ signalling Takahashi et al., 2011) . We examined the role of TRPM2 channels in prostate cancer (PC)-3 and HeLa cell lines. Our results demonstrate that TRPM2 channels indeed mediate the effects of H 2 O 2 on cell migration by remodelling the actin cytoskeleton. We found that TRPM2 activation increases the cytosolic levels of not only Ca 2+ , but also Zn 2+ , and that Ca 2+ and Zn 2+ regulate actin cytoskeleton dynamics, focal adhesion dynamics and cell migration in a reciprocal manner, with Zn 2+ playing a dominant role.
RESULTS H 2 O 2 -induced actin remodelling in cancer cells is dependent on TRPM2 channels
Given that H 2 O 2 is cytotoxic and its toxicity can vary depending on the cell type (Manna et al., 2015) , we first screened PC-3 and HeLa cells for their sensitivity to H 2 O 2 (data not shown) and chose a concentration (<200 µM) that is not cytotoxic under the experimental conditions used. We used Alexa-Fluor-488-conjugated phalloidin, a fluorescent actin stain, to monitor H 2 O 2 -induced changes in the actin cytoskeleton. The results show that H 2 O 2 abolishes stress fibres and generates numerous filopodia in both and HeLa ( Fig. 1E ) cells. In RT-PCR experiments, we demonstrate expression of TRPM2 mRNA in both the cell lines (Fig. S1A) . Consistent with the RT-PCR data, an H 2 O 2 stimulus caused an increase in cytosolic [Ca 2+ ] that was suppressed by 2-aminoethoxydiphenyl borate (2-APB), an inhibitor of TRPM2 channels ( Fig. S1B-E ). These data indicate that H 2 O 2 causes extensive remodelling of the actin cytoskeleton in HeLa and PC-3 cells and that both cell lines express H 2 O 2 -sensitive TRPM2 channels.
Inhibition of TRPM2 channels with PJ34 (another TRPM2 channel inhibitor) and 2-APB abolished the H 2 O 2 -induced filopodia formation in both PC-3 and HeLa cells (Fig. 1A,C ,E,G); 2-APB rescued the H 2 O 2 -induced loss of stress fibres more effectively than PJ34. Inhibition of TRPM2 channels with N-( pamylcinnamoyl)anthranilic acid (ACA, 10 µM) produced results similar to those with 2-APB (data not shown). Furthermore, small interfering siRNAs (siRNA-1 and siRNA-2) targeted against TRPM2 channels (Fig. S1F,G) , but not the scrambled control (I,J) Rescue of siRNA inhibition of filopodia induction by overexpression of siRNA-resistant TRPM2 plasmid. Images of actin-stained HeLa cells transfected with the indicated siRNA and plasmid constructs exposed to medium alone (CTRL) or medium containing H 2 O 2 (I), and the corresponding mean±s.e.m. data (J). Representative images are shown. Scale bars: 10 µm. **P<0.01; ***P<0.001; NS, not significant (one-way ANOVA with Tukey post-hoc test).
siRNA, suppressed H 2 O 2 -induced filopodia formation; rescue of stress fibres, however, was partial (Fig. 1B,D,F,H) . Ectopic expression of a siRNA-resistant TRPM2 cDNA construct rescued the inhibitory effect of TRPM2 siRNA on filopodia formation (Fig. 1I,J) . These data suggest that TRPM2 channels mediate H 2 O 2 -induced actin cytoskeleton rearrangement. Further experiments into the underlying mechanisms were performed on HeLa cells as these cells showed a better morphology and staining pattern to allow quantifications.
Extracellular Ca
2+ entry is not essential for actin cytoskeleton remodelling TRPM2 channels mediate extracellular Ca 2+ entry Takahashi et al., 2011) and, in some cells, lysosomal Ca 2+ release (Lange et al., 2009 ). Depletion of extracellular Ca 2+ failed to prevent H 2 O 2 -induced filopodia formation ( Fig. 2A,B) , indicating that extracellular Ca 2+ entry is not essential for filopodia formation. Interestingly, there was a small, but significant, increase in filopodia in the absence of Ca 2+ entry; this suggests that maintenance of basal level of cytosolic Ca 2+ is essential to prevent filopodia formation. Consistent with this interpretation, depletion of intracellular Ca 2+ with BAPTA-AM induced a significant increase in filopodia formation in the absence of H 2 O 2 stimulus (Fig. 2C,D) . The effect on stress fibres was less discernible as H 2 O 2 treatment in the absence of extracellular Ca 2+ caused a marked reduction in the projected cell area. We examined the H 2 O 2 -induced Ca 2+ changes using Fluo-4. H 2 O 2 caused a marked rise in intracellular fluorescence as detected by confocal microscopy ( Fig. 2E,F; Fig. S2E ) and flow cytometry (Fig. 2G,H (Lange et al., 2009; . We therefore examined HeLa cells for lysosomal expression of TRPM2 channels. Transiently expressed HA-tagged TRPM2 channels (green) showed colocalisation (yellow in the merged image) with the lysosomal CD63 protein (red) (Fig. 2K ). Western blotting of lysosomes isolated from transfected HeLa cells by OptiPrep density gradient centrifugation showed a band corresponding to the estimated size (∼170 kDa) of HA-TRPM2 (Fig. 2L) It is known that Fluo-4 is not specific for Ca 2+ ; for example, it binds Zn 2+ ∼100-fold more avidly than Ca 2+ (Manna et al., 2015; Sensi et al., 2009) . We therefore asked whether the Fluo-4 signal seen in Fig. 2E , abolished the Fluo-4 signal (Fig. S2A,B) . Furthermore, using FluoZin-3-AM, a Zn
2+
-specific fluorophore, we demonstrated an H 2 O 2 -induced rise in cytosolic [Zn 2+ ] using confocal microscopy ( Fig. 3A,B ; Fig. S2G ) and flow cytometry (Fig. 3C,D) . The FluoZin-3-Zn 2+ signal was fully prevented by TPEN, but BAPTA-AM failed to quench the signal fully (Fig. S2C,D Fig. 3G) , indicating that the source of the Zn 2+ is likely lysosomes. Such a conclusion is consistent with the localisation of TRPM2 channels in lysosomes (Fig. 2K,L) and the TRPM2-dependent rise in cytosolic [Zn 2+ ] (Fig. 3) . Taken together with the data in Fig. 2 Fig. 4A-C) . PJ34 failed to rescue the loss of focal adhesions, but 2-APB was able to prevent H 2 O 2 -induced loss of focal adhesions ( Fig. 4A-C) . Knockdown of TRPM2 channels with siRNA significantly rescued focal adhesion density, but not the size of focal adhesions ( Fig. 4D-F ). These data suggest that TRPM2 channels play a partial role in focal adhesion dynamics and that other mechanisms, including ORAI1-STIM channels (Yang et al., 2009a) , contribute to focal adhesion remodelling. Further studies are required to determine the individual contributions of various channels to focal adhesion remodelling. To get an insight into the underlying mechanism, we examined the individual roles of Ca 2+ and Zn 2+ in actin remodelling and focal adhesions. Chelation of Ca 2+ with BAPTA-AM had little effect on H 2 O 2 -induced changes in the actin cytoskeleton (Fig. 5A,B) . By contrast, chelation of Zn 2+ with TPEN completely suppressed the H 2 O 2 -induced filopodia formation and loss of stress fibres (Fig. 5A,B) . Given that H 2 O 2 can affect a number of other signalling pathways (Giorgio et al., 2007) , which could confound the interpretation of our data, we used Ca 2+ and Zn 2+ ionophores, and TPEN, to investigate the individual roles of these two ions in the absence of H 2 O 2 . Prior to their use, we validated the specificity of the probes (Fig. S3A-D ; and TPEN, as reported previously (Manna et al., 2015) , failed to chelate Ca 2+ . Increasing the cytosolic Ca 2+ levels through treatments with A23187 or thapsigargin (data not shown) had no major effect on actin cytoskeleton, but, interestingly, co-treatment with BAPTA-AM attenuated stress fibres and induced filopodia formation (Fig. 5C,D) . Thus, basal levels of Ca 2+ appear to be essential to maintain stress fibres and to suppress filopodia formation. By contrast, Zn-PTO (2 µM Zn and 6 µM PTO) suppressed stress fibres and increased filopodia formation, whereas co-application of TPEN fully prevented the effects of Zn-PTO (Fig. 5C,D) . Control experiments confirmed that PTO (6 µM) and Zn 2+ (2 µM) had no effect; however, higher concentrations of Zn 2+ (100 µM), as expected, produced effects similar to Zn-PTO (data not shown). We also used bafilomycin to raise cytosolic Zn 2+ ( Fig. S3F ) by inhibiting lysosomal sequestration of the ion (Kukic et al., 2014) . Again, this manoeuvre caused loss of stress fibres and appearance of filopodia (Fig. S3E ). Taken together, our data demonstrate that Zn 2+ promotes filopodia formation and disassembly of stress fibres, and that Ca 2+ and Zn 2+ have distinct, but opposite, effects on stress fibres and filopodia formation. Interestingly, the effects of Zn-PTO are very similar to those of H 2 O 2 , indicating that Zn 2+ , rather than Ca 2+ , plays a dominant role in the remodelling of the actin cytoskeleton.
We next examined the individual roles of Ca 2+ and Zn 2+ in focal adhesion dynamics. Raising the intracellular [Ca 2+ ] with A23187 had no effect on either the size or the number of focal adhesions . Chelation of Ca 2+ with BAPTA-AM significantly reduced the size and number of focal adhesions. By contrast, elevation of cytosolic Zn 2+ with Zn-PTO led to a significant decrease in the number and size of focal adhesions (Fig. 5E-G To investigate the relevance of the above findings to cell migration, we used an agarose spot cell migration assay (Fig. 6A) where we included test compounds in the agarose spot and examined the migration of surrounding cells into the spot (Wiggins and Rappoport, 2010) . Based on the cellular changes, we predicted that inhibition of TRPM2 channels would eliminate H 2 O 2 -induced cell migration, and that Zn 2+ would promote, but Ca 2+ would attenuate, cell migration. H 2 O 2 included in the agarose spot would be expected to diffuse into the surrounding medium, enter the cells and induce their migration into the spot. To confirm the H 2 O 2 entry into cells, we stained cells with H2DCF-DA, a reactive oxygen species (ROS) detection reagent. Consistent with the expectation, cells near the boundary of an agarose spot containing H 2 O 2 , but not one containing PBS, displayed significantly greater levels of staining compared to cells away from the spot (Fig. 6B,C) . The results show that inclusion of H 2 O 2 in the agarose spot promoted migration of cells into the spot; there was little migration in the PBS controls ( Fig. 6D; Fig. S4A ). 2-APB prevented H 2 O 2 -stimulated cell migration ( Fig. 6D,E; Fig. S4A ,B). siRNA targeted against TRPM2 channels, but not scrambled siRNA, as predicted, prevented H 2 O 2 -induced cell migration ( Fig. 6F-I ; Fig. S4C,D ). These results demonstrate that TRPM2 channels mediate H 2 O 2 -induced directional migration of HeLa and PC-3 cells. The lack of effect of PJ34 proved to be anomalous, because PJ34 stimulated cell migration even in the absence of H 2 O 2 ( Fig. S4E-H ). This can be attributed to TRPM2-independent effects of PJ34, as reported previously (Mathews and Berk, 2008) . This finding might be of clinical relevance because poly(ADP-ribose) polymerase (PARP) inhibitors are currently being evaluated for cancer therapy (Michels et al., 2014) . To further confirm the role of TRPM2 channels in cell migration, we used a recombinant approach. Our results show that overexpression of TRPM2 channels led to a significant increase in H 2 O 2 -induced migration of HEK-MSR cells (Fig. S4I,J) .
Collectively, our data demonstrate that TRPM2 channels mediate H 2 O 2 -induced directional cell migration. Given that TRPM2 channels mediate their effects through Ca
and Zn 2+ , we tested the individual roles of these ions using ionophores and metal chelators in the absence of H 2 O 2 . A23187 showed no effect, whereas inclusion of BAPTA-AM caused a modest, but significant, increase in HeLa cell migration (Fig. 6J,K) .
Zn-PTO, by contrast, strongly promoted cell migration that was suppressed by TPEN (Fig. 6J,K) . These data suggest that Ca 2+ and Zn 2+ play distinct, but contrasting, roles in cell migration. Given that filopodia are formed at the leading edge of migrating cells, and a rise in Zn 2+ triggers filopodia formation, we would expect preferential Zn 2+ release to occur at the leading edge of the cell. Given the evidence that lysosomes are the major source of intracellular free Zn 2+ (Fig. 3G) , we predicted that lysosomes move towards the leading edge of the cell. To test this idea, we transfected HeLa cells with tdTomato-F-actin-P (ITPKA-9-52) (Johnson and Schell, 2009 ) and LAMP1-GFP (to label lysosomes) and imaged migrating cells at the boundary of the agarose spot. The results (Fig. 7A-C) showed that there was a marked accumulation of lysosomes at the leading edge of cells migrating into the H 2 O 2 -containing agarose spot. Furthermore, these cells showed numerous actin-stained filopodia at the leading edge. By contrast, in control experiments, neither lysosomal trafficking nor filopodia formation was observed. These data indicate that lysosomes migrate towards the leading edge of cells in response to the H 2 O 2 stimulus, presumably to increase the local concentration of Zn 2+ . Interestingly, H 2 O 2 -induced polarisation of lysosomes was inhibited by TRPM2 siRNA, but not scrambled siRNA (Fig. 7D,E) . How TRPM2 channels regulate lysosome migration remains to be investigated. 
Role of Rho family GTPases in H 2 O 2 -dependent changes in cellular phenotype
Rho family GTPases play crucial roles in cell migration. Rho GTPases regulate stress fibres, whereas Rac and Cdc42 GTPases regulate lamellipodia and filopodia formation, respectively. The action of Rho GTPases is mainly mediated by the Rho-associated coiled-coil-forming protein serine/threonine kinase (ROCK) proteins (Ridley, 2001 ). We used the ROCK inhibitor Y27632 (Somlyo et al., 2000) to investigate the role of Rho GTPase in cell migration. The results (Fig. 8A,B) show that Y27632 completely inhibited H 2 O 2 -induced HeLa cell migration. Furthermore, H 2 O 2 -induced movement of lysosomes to the leading edge of migrating cells was also significantly attenuated by Y27632 (Fig. 8C,D) . These data indicate that the H 2 O 2 -induced cellular changes and cell migration are mediated by the activation of classical Rho-GTPasedependent pathway.
To examine the role of Cdc42, we tested the ability of a dominantnegative (T17N) form of the eGFP-Cdc42 construct to inhibit H 2 O 2 -induced filopodia formation. The results show that expression of this dominant-negative construct failed to prevent H 2 O 2 -induced filopodia formation (Fig. 8E) . The constitutively active (Q42L) eGFP-Cdc42 construct was able to induce short filopodia in the absence of H 2 O 2 (Fig. 8E ). Mellor and colleagues have reported a role for Rif GTPase in filopodia formation in HeLa cells (Ellis and Mellor, 2000) . However, expression of dominant-negative (T17N) Rif GTPase also failed to prevent H 2 O 2 -induced filopodia formation (Fig. 8F) . The constitutively (Q61L) active Rif GTPase was able to reinforce stress fibres and induce filopodia in non-treated control cells (Fig. 8F) , as reported previously (Ellis and Mellor, 2000; Fan et al., 2010) . These results suggest that neither the classical Cdc42 nor Rif GTPase is involved in H 2 O 2 -induced filopodia formation.
DISCUSSION
Directional cell migration involves repeated cycles of protrusion at the front and retraction at the back of the cell (Gardel et al., 2010; Lamalice et al., 2007; Ridley et al., 2003) . These cycles are driven by spatio-temporal remodelling of the actin cytoskeleton and focal adhesions (Gardel et al., 2010; Lamalice et al., 2007; Mattila and Lappalainen, 2008; Ridley et al., 2003; Small et al., 2002; Tojkander et al., 2012) . Ca 2+ is widely regarded as an important coordinator of these events (Prevarskaya et al., 2011; Tsai et al., 2014; Wei et al., 2009 Wei et al., , 2012 . Accordingly, multiple Ca 2+ channels and pumps have been implicated in the cell migration (Prevarskaya et al., 2011) . They contribute to a rear-to-front global Ca 2+ gradient (opposite to the direction of cell migration) and generate spatiotemporal Ca 2+ flickers at the front of the cell, which, in turn, enable remodelling of the molecular machinery responsible for directional cell migration (Wei et al., 2012) . However, as will be discussed below, not all findings can be explained in terms of a single model as different cell types employ different mechanisms to regulate migration.
Here, we set out to examine the role of Ca 2+ in the migration of PC-3 and HeLa cells in response to a H 2 O 2 stimulus. H 2 O 2 treatment caused a marked loss of stress fibres (Fig. 1A,C ,E,G) and focal adhesions (Fig. 4A-C) , and induced numerous filopodia (Fig. 1A,C,E,G) . Consistent with these changes, there was increased cell migration ( Fig. 6D,E; Fig. S4A,B) . However, in addition to the suspected increase in cytosolic [Ca 2+ ] (Fig. 2E-H ] (Fig. 3A-D) . Most unexpectedly, depletion of Zn 2+ alone was found to be sufficient to prevent all of the H 2 O 2 -induced changes (Fig. 5A,B) . This is an important finding because, up until now, all reports have implicated Ca 2+ as the primary regulator of cell migration (Prevarskaya et al., 2011; Wei et al., 2012) .
Inspired by the unexpected findings, we examined the individual roles of Ca 2+ and Zn 2+ . Elevation of global cytosolic [Ca 2+ ] with A23187 had little effect on the actin cytoskeleton (Fig. 5C,D) and focal adhesions (Fig. 5E-G with BAPTA-AM caused marked loss of stress fibres (Fig. 5C,D) and focal adhesions (Fig. 5E-G) , but induced filopodia (Fig. 5C,D) -effects that are similar to those caused by H 2 O 2 (Fig. 1) . Consistent with these changes, BAPTA-AM increased the rate of cell migration, but A23187 had little effect (Fig. 6J,K) (Figs 1A,C,E,G, 6D,E) . Collectively, these findings argue that Zn 2+ , and not Ca 2+ , plays the primary role in cell migration in this system. More importantly, a rise in cytosolic [Zn 2+ ] produced an effect equivalent to the decrease in basal [Ca 2+ ]. This has led us to the fundamentally important conclusion that Zn 2+ can antagonise the effects of Ca 2+ on cellular events regulating cell migration and that it is the ratio of Ca 2+ to Zn 2+ in the cell that regulates cell migration, rather than either ion on their own.
The antagonistic role of Zn 2+ is physiologically relevant because the H 2 O 2 -induced Zn 2+ rise (Fig. 3A-D) , like the Ca 2+ rise (Fig. 2E-H) , is dependent on the activation of TRPM2 channels. siRNA-mediated silencing or chemical inhibition of TRPM2 channels prevented the H 2 O 2 -induced rise in Ca 2+ ( Fig. 2E -J) and Zn 2+ (Fig. 3A-F) , remodelling of the actin cytoskeleton ( Fig. 1 ) and cell migration (Fig. 6D-I) . Importantly, the effects of TRPM2 inhibition were similar to those of Zn 2+ depletion (Figs 1, 5 and 6). These results confirm the primary role of Zn 2+ in H 2 O 2 -induced cell migration and its physiological relevance. Whether Zn 2+ plays a similar role in cell migration induced by other migration-promoting signals, and in the migration of other cell types, remains to be investigated. Furthermore, although a role for the TRPM2 channel, and for Zn 2+ , are clear, and H 2 O 2 -induced elevation of cytoplasmic Zn 2+ could be demonstrated using fluorescent probes, it has proved difficult to demonstrate permeability of the channel to Zn 2+ by electrophysiology (Manna et al., 2015; Yang et al., 2011) . Thus, mechanisms other than direct Zn 2+ permeation by the channel cannot be excluded.
It is important to recognise the fact that the majority of previous studies have used chemical probes to infer a role for Ca 2+ in cell migration. One of the drawbacks of these probes is that they have a significantly greater affinity (up to 100-fold) for Zn 2+ than for Ca 2+ (Manna et al., 2015; Sensi et al., 2009 ). As such, use of these probes could potentially mask the effects of Zn
2+
. In this study, we have demonstrated a role for Zn 2+ in cell migration using Zn 2+ -specific probes. Furthermore, the role of Zn 2+ was tested in the absence of H 2 O 2 to exclude any confounding effects from the oxidant. The profound effect that Zn 2+ has on the actin and focal adhesion dynamics is expected to have implications for migration of other cell types where motogenic signals could affect channels and transporters capable of affecting Zn 2+ homeostasis. Cytoplasmic levels of Zn 2+ are tightly regulated by transporters that include members of ZIP (ZRT IRT-like protein) and ZnT (zinc transporter) families that facilitate Zn 2+ influx and efflux, respectively (Eide, 2006) . In addition, there are a number of nonselective cation channels capable of permeating Zn 2+ ions (Nilius and Szallasi, 2014) . Unfortunately, little is known about the role of these Zn 2+ -handling proteins in cell migration. One recent study has demonstrated that MCF-7 breast cancer cell migration induced by a high glucose concentration is mediated by the ZIP6-and ZIP10-dependent increase in cytosolic Zn 2+ (Takatani-Nakase et al., 2014) . By contrast, there are numerous studies on the role of Ca 2+ channels in cell migration. However, the effects they have on cell migration are highly variable. For example, activation of TRPC1 (Fabian et al., 2008) , TRPC5 (Tian et al., 2010) , TRPV1 (Waning et al., 2007) and TRPV2 (Monet et al., 2010 ) channels promotes cell migration, whereas activation of TRPC6 (Tian et al., 2010) and TRPM1 (Duncan et al., 1998) reduces cell migration. Even more intriguingly, the same channel can elicit different effects in different cell types. Thus TRPM8 activation stimulates migration of DBTRG glioblastoma cells (Wondergem et al., 2008) , but suppresses migration of transfected PC-3 cells (Yang et al., 2009b) . TRPM7 activation increases migration of cancer cells (Wei et al., 2009) , but inhibits endothelial cell migration (Zeng et al., 2015) . Ca 2+ influx through ORAI1-STIM1 channels promotes migration of cancer cells (Chen et al., 2011; Yang et al., 2009a) and smooth muscle cells (Potier et al., 2009 ), but inhibits endothelial cell migration (Tsai et al., 2014) . How the same Ca 2+ signal could generate such diverse, even opposite, effects is not known, but it might be possible to reconcile some of these differences if the ability of some of these channels and cell types to also regulate Zn 2+ dynamics is re-examined. Consistent with this idea is the fact that many of the channels associated with cell migration are not selective for Ca 2+ ; for example, TRPM7 and TRPC6, and some voltage-gated Ca 2+ channels, can also conduct Zn 2+ (Nilius and Szallasi, 2014) .
We consider the potential implications of our findings to the current model (Tsai et al., 2014; Wei et al., 2012; Yang et al., 2009a) of how Ca 2+ regulates migration. The model implies generation of Ca 2+ flickers at the leading edge of the cell against a background of a Ca 2+ gradient. Precisely how the Ca 2+ gradient and flickers regulate the molecular processes differently at the front and back of the cell is not clearly understood. The prevailing notion is that high levels of Ca 2+ at the rear of the cell support myosin-mediated contraction of actin stress fibres and calpain-mediated disassembly of focal adhesions required for rear retraction (Prevarskaya et al., 2011; Tsai et al., 2014; Wei et al., 2012) . At the leading edge, where Ca 2+ levels are low, spatio-temporally generated Ca 2+ flickers enable a local increase in Ca 2+ (Ca 2+ microdomains) to promote actomyosin contraction and focal adhesion disassembly required for protrusion (Prevarskaya et al., 2011; Tsai et al., 2014; Wei et al., 2012) . A key requirement of the model is the need to reduce Ca 2+ levels to below the basal levels in order to induce cytoskeletal and focal adhesion changes. In endothelial cells, plasma membrane Ca 2+ ATPase (PMCA, also known as ATP2B) has been shown to reduce the Ca 2+ levels at the front of the cells (Tsai et al., 2014) . Whether PMCA contributes to the Ca 2+ gradient in other cell types is not known, but our discovery that Zn 2+ can antagonise the effects of Ca 2+ could offer a solution to the problem.
Thus, it is possible to conceive that a front-to-rear Zn 2+ gradient could produce the same effect as the rear-to-front Ca 2+ gradient in a migrating cell. Although we have no direct data to support such Zn 2+ polarisation, we were able to demonstrate remarkable mobilisation of Zn 2+ -enriched lysosomes to the leading edge of a migrating cell (Fig. 7) . These lysosomes could potentially release Zn 2+ to raise local (Zn 2+ microdomains) or global [Zn 2+ ] at the front of the cell to influence events required for cell protrusion. Consistent with this possibility, we found high levels of Zn 2 + -inducible filopodia at the leading edge of the cell, but these were absent at the rear (Fig. 7) . A rise in Zn 2+ could also provide a counter-regulatory mechanism by which Ca 2+ signals could be readily terminated. A reduced number of lysosomes at the rear of the cell would ensure low [Zn 2+ ] to sustain Ca 2+ -dependent stress fibres and adhesions that are essential during the early stages of cell migration. A potential advantage of our Zn 2+ gradient model is the fact that it allows high [Ca 2+ ] to be maintained to support important Ca 2+ -dependent events such as myosin-mediated force generation. The molecular basis for how the balance between Ca 2+ and Zn 2+ signalling regulates actin cytoskeleton and focal adhesion dynamics in a spatio-temporal manner, however, remains to be investigated. Likewise, there is a need to demonstrate putative Zn 2+ gradients in migrating cells. Cell migration is regulated by the Rho family GTPases, including Rho, Rac and Cdc42. Rho regulates stress fibres, whereas Rac regulates lamellipodia and Cdc42 controls filopodia formation (Ridley, 2001; Ridley et al., 2003) . Studies by Mellor and colleagues have reported that Rif GTPases represent an alternative signalling route for filopodia formation (Ellis and Mellor, 2000) . A role for Rho signalling in H 2 O 2 -induced cell migration as well as polarisation of lysosomes was confirmed using the ROCK inhibitor Y27632 (Fig. 8A-D) . However, we were unable to demonstrate a role for either Cdc42 or Rif GTPase in H 2 O 2 -induced cell migration (Fig. 8E,F) . Although this was unexpected, Morris and colleagues have reported a Cdc42-and Rif-independent mechanism, involving a lipid-phosphatase-related protein in filopodia formation (Sigal et al., 2007) . Further investigations into such Cdc42-and Rifindependent mechanisms are required to appreciate how H 2 O 2 induces filopodia formation in these cells.
In conclusion, our study revealed a heretofore unrecognised role for Zn 2+ in H 2 O 2 -induced cell migration and a role for TRPM2 channels. The relevance of TRPM2 channels to cancer is underpinned by the fact that TRPM2 expression is upregulated in both prostate and cervical cancer (http://www.proteinatlas.org/ ENSG00000142185-TRPM2/cancer). We showed that Zn 2+ is capable of antagonising the effects of Ca 2+ on actin cytoskeleton and focal adhesion dynamics, and on cell migration. We also demonstrated that Zn 2+ -enriched lysosomes migrate towards the chemoattractant H 2 O 2 , presumably to increase Zn 2+ levels at the leading edge of the cell and influence the events there. Further studies, including the identification of molecular targets of Zn 2+ , are required for a meaningful appreciation of the interplay between Ca 2+ and Zn 2+ signalling in cancer cell migration. Whether a similar interplay regulates migration of neuronal growth cones and macrophages also remains to be investigated. Finally, from a translational perspective, our study revealed two potential therapeutic opportunities for prevention of metastatic progression of cancer: TRPM2 inhibitors, and chelators capable of removing the free (toxic) form of Zn 2+ , while sparing the protein-bound essential Zn 2+ .
MATERIALS AND METHODS

Molecular probes and reagents
LysoTracker Red, MitoTracker Red and ER-tracker Red, Alexa-Fluor-488-conjugated phalloidin, Alexa-Fluor-633-conjugated phalloidin, Pluronic F127, Fura-2AM, Fluo-4-AM, FluoZin-3-AM, SuperScript ii reverse transcriptase, Lipofectamine 2000 and tissue culture media were purchased from Life Technologies. All other chemicals and reagents were from Sigma-Aldrich or Calbiochem. siRNA-1 (ON-TARGETplus Human TRPM2, 7226) was from Thermo Scientific. siRNA-2 (5′-GAAAGAA-UGCGUGUAUUUUGUAA-3′) against human TRPM2 was designed using siDirect (Naito et al., 2004 ) and custom-made by Dharmacon. Control siRNA was from Ambion. OptiPrep was obtained from Sigma-Aldrich. The lysosome enrichment kit was from Thermo Scientific.
Antibodies and plasmids
For immunostaining, rat anti-HA (clone 3F10, Roche, 100 ng ml −1 ), mouse anti-paxillin (cat no. 610569, BD Transduction Laboratories, 1:500), anti-CD63 (cat no. ab8219, Abcam, 1:500) and anti-c-Myc (cat no. 11667149001, Roche, 1:500) antibodies were used as primary antibodies. Alexa-Fluor-488-conjugated anti-rat-IgG (Life Technologies, 1:500) and Cy3-conjugated anti-mouse-IgG (Jackson ImmunoResearch, 1:500) were used as secondary antibodies. Mouse anti-LAMP1 (cat no. 611043, 1:5000) and rabbit anti-calnexin (ab22595, 1:5000) antibodies were from BD Biosciences and Abcam, respectively. pActin-tdTomato and pLAMP1-GFP were kindly provided by Wolfgang Wagner (University Medical Center, Hamburg, Germany) and Patrice Boquet (Institut National de la Sante et la Recherché Medicale, Nice, France), respectively. Cdc42 (T17N and Q42L) and Rif (T17N and Q61L) constructs were kind gifts from Sreenivasan Ponnambalam (University of Leeds, Leeds, UK) and Harry Mellor (University of Bristol, Bristol, UK), respectively. siRNA-resistant TRPM2 cDNA in pcDNA3 was generated by introducing two silent mutations into the sequence at amino acid positions 71 (E) and 72 (C).
Cell culture and transfections
HeLa cells (ATCC CCl-185™) were maintained in Dulbecco's modified Eagle's medium (DMEM) with GlutaMAX-I supplemented with 10% fetal calf serum (FCS), penicillin (100 U/ml) and streptomycin (100 µg/ml). PC-3 cells (ATCC CRL-1435™) were cultured in RPMI-1640 with GlutaMAX™ medium supplemented with 10% heat-inactivated FCS, penicillin (100 U/ml), streptomycin (100 μg/ml), 1 mM sodium pyruvate, 50 μM 2-mercaptoethanol and 10 mM HEPES. Cells were cultured at 37°C under humidified 5% CO 2 and 95% air. Plasmid and siRNA transfections were performed using Lipofectamine 2000.
RT-PCR
RNA was extracted from HeLa and PC-3 cells using TRI-REAGENT. cDNA was synthesised from 5 μg of total RNA and subjected to PCR using TRPM2 primers: forward: 5′-ATGCTACCTCGGAAGCTGAA-3′ and reverse: 5′-TTCTGGAGGAGGGTCTTGTG-3′.
Isolation of lysosomes and western blotting
Lysosomes were isolated using an OptiPrep gradient centrifugation as described by Zhao et al. (2013) . HeLa cells transfected with pcDNA-3-TRPM2-HA were homogenised using a ball-bearing homogeniser (Isobiotech, 16 micron clearance) and centrifuged at 500 g for 10 min to remove nuclei and cell debris. The supernatant was diluted with OptiPrep to 15% final concentration, overlaid on an OptiPrep step (17, 20, 23, 27, 30%) gradient and centrifuged in SW55 Ti rotor at 204,000 g for 4 h at 4°C. Lysosomes from the top fraction were collected, washed with PBS and analysed by western blotting.
Phalloidin staining of the actin cytoskeleton
Cells grown on coverslips to ∼50% confluence were treated with different drugs at 37°C for 2 h in standard buffered saline (SBS; 10 mM HEPES, 130 mM NaCl, 1.2 mM KCl, 8 mM glucose, 1.5 mM CaCl 2 , 1.2 mM MgCl 2 , pH 7.4) with or without H 2 O 2 (see figure legends). Cells were fixed with 2% paraformaldehyde for 15 min, washed with phosphate-buffered saline (PBS), permeabilised with 0.2% Triton X-100 and 5% goat serum in PBS for 15 min and labelled with Alexa-Fluor-488-or Alexa-Fluor-666-conjugated phalloidin (1:1000 in goat serum). Images were collected with an LSM510 Meta confocal microscope using a 63×1.4 NA oil objective with an appropriate excitation and emission wavelengths.
Ca
2+ and Zn 2+ imaging
Cytosolic Ca 2+ and Zn 2+ levels were determined as described previously (Manna et al., 2015) . Cells grown in 35 mm Fluorodish ® glass-bottomed dishes were incubated at 37°C for 2 h with Fluo-4-AM (500 nM) or Fluozin-3-AM (1 µM) in SBS containing 0.01% Pluoronic F127 with or without H 2 O 2 . After washing with SBS, cells were imaged with an LSM700 inverted confocal microscope using a 63×1.4 NA oil objective and excitation and emission wavelengths of 488 and 510 nm, respectively.
Immunostaining
Cells were fixed and permeabilised as above before incubation with an appropriate primary antibody at 37°C for 2 h. After three PBS washes, cells were labelled with relevant secondary antibodies, washed, mounted and imaged with an LSM510 Meta or Zeiss LSM 880 confocal microscope (equipped with an Airyscan superresolution imaging module) using a 63×1.4 NA oil objective and appropriate excitation (Alexa Fluor 488, 494 nm; Cy-3, 548 nm) and emission (Alexa Fluor 488, 519 nm; Cy-3, 562 nm) wavelengths.
Flow cytometry
Cells grown in a 24-well plate were treated with compounds as desired. Cytosolic Ca 2+ and Zn 2+ were labelled using Fluo-4-AM and FluoZin3-AM, respectively. Cells (>5000) were collected using trypsin-EDTA, washed and resuspended in SBS prior to analysis using a LSRFortessa™ flow cytometer (BD Biosciences).
Cell migration assay
Directional cell migration was examined by performing an agarose spot assay as described previously (Wiggins and Rappoport, 2010) . Briefly, 90 µl of 0.5% molten low-melting-point agarose (Invitrogen) maintained at 40°C was mixed with 10 µl of 10× stock solutions of appropriate compounds to achieve the desired concentrations. A total of 10 µl of agarose was then spotted (four spots per plate) onto six-well plates (Greiner Bio One) and allowed to cool for 8 min at 4°C. Cells were then plated to ∼60% confluence and allowed to adhere for 4 h before replacing with a medium containing 0.1% FCS. After 16 h at 37°C, images were collected using an EVOS ® FL microscope fitted with a 10× objective (Life Technologies). Cells that appeared underneath the agarose spot were counted as migrated cells.
DCF-DA staining
Cells were stained for ROS using the 2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-DA) reagent. After allowing HeLa cells to migrate into PBS-or H 2 O 2 -containing agarose spots for 6 h, cells were loaded with 10 µM H2DCF-DA for 30 min in Opti-Mem. After washing, fluorescence was imaged using an LSM700 inverted confocal microscope; excitation and emission wavelengths used were 488 nm and 519 nm, respectively.
Live-cell imaging of actin dynamics and lysosome migration into the agarose spot Cells co-transfected with actin-Tdtomato and LAMP1-GFP plasmids were plated around the agarose spots in Fluorodish glass-bottomed dishes. After 16 h, cells at the boundary of the agarose spot were imaged with an LSM700 inverted confocal microscope using appropriate excitation (548 nm for actin-Tdtomato; 488 nm for LAMP1-GFP) and emission (562 nm for actin-Tdtomato; 519 nm for LAMP1-GFP) wavelengths and a 63×1.4NA oil objective.
Quantification of filopodia and focal adhesions
Quantification of filopodia was carried out as described previously (Bohil et al., 2006) . Phalloidin-positive spike-like structures at cell periphery were counted as filopodia. A filopodium with branches was counted as one. Filopodia from five cells of an individual experiment were counted. The size (0.1-1.0 µm 2 ) and number of focal adhesions were estimated from paxillinstained cells using Image J.
Data analysis and presentation
All experiments were performed at least three times. Representative confocal images are presented. Fluorescence of cells was quantified using Image J (NIH). Data are presented as mean±s.e.m. Statistical significance was determined using a Student's t-test or one-way ANOVA with post-hoc Tukey test using Origin 8.6; a P-value of <0.05 was considered significant.
